. ulation, though the zip1 defects in recombination and In the mitotic cell cycle, several checkpoints have been synapsis persist. The majority of the Pch2 protein localidentified. One of the best characterized is the DNA izes to the nucleolar region containing the ribosomal RNA genes (rDNA). In S. cerevisiae, the rDNA is orgadamage checkpoint that arrests or delays cell cycle pronized in a tandem array of 100-150 repeats on chromogression in response to lesions in the DNA, thus allowing some XII and displays unique properties in meiosis. time to repair the damage and preventing the replication First, during pachytene, when chromosomes are enor segregation of damaged chromosomes (reviewed by gaged in synapsis, the nucleolar region remains unsynWeinert, 1998). apsed and does not contain Zip1 (Dresser and Giroux, As in the mitotic cell cycle, checkpoints operate in 1988; Sym et al., 1993). Second, compared to the rest meiosis to ensure the fidelity of genetic information of the genome, meiotic exchange between homologs is transfer. However, meiotic cells must monitor events reduced ‫-001ف‬fold in the rDNA (Petes and Botstein, specific to meiosis, such as recombination and synapto-1977). We have found that Pch2 is required for this renemal complex (SC) formation, that are critical for proper pression, which is probably due to the ability of Pch2 meiotic chromosome segregation. In Saccharomyces to exclude the meiosis-specific Hop1 protein (Hollingscerevisiae, several mutants (e.g., zip1, zip2, dmc1, sae3, worth et al., 1990) from the nucleolus.
URS1 element (TGGGCGGCA, at position -97 to -89 Furthermore, the sir2 mutant (but not sir3 or sir4) is relative to the ATG codon) and a perfect match to the defective in the pachytene checkpoint, arguing that the T 4 C element (TTTTCATCG, at position -181 to -173). In presence of Pch2 in the nucleolus is important for zip1 contrast to wild type, Pch2 accumulates in the pachymeiotic arrest. We have also found two situations (overtene-arrested zip1 mutant, and protein levels remain expression of SIR4 or deletion of the rDNA array) in high even at late time points (Figure 1 ). which the association of Pch2 with silent telomeric regions provides partial checkpoint function. Taken together, our findings reveal an unexpected connection Pch2 Is Required for Checkpoint-Mediated Arrest of zip1 between chromatin silencing and the pachytene checkpoint.
To investigate the role of Pch2, null mutants of PCH2 were generated and analyzed. No obvious mitotic phenotype was detected in pch2 homozygous diploids.
Results
Sporulation efficiency is the same in wild type and pch2; there is a subtle but statistically significant (p Ͻ 0.0001) Identification of Pachytene Checkpoint Genes To identify genes involved in the meiotic checkpoint, a decrease in spore viability in the mutant (Table 1) . Consistent with the high level of spore viability, crossing screen for mutations that relieve the zip1 pachytene Sporulation frequency was determined by counting the fraction of cells forming asci after 2-3 days in sporulation medium. Spore viability was assessed by tetrad dissection. over is not affected by pch2 (P. A. S. and G. S. R., unpubmutant. Immunostaining of meiotic chromosomes with antibodies to Red1, a component of the lateral elements lished data). Thus, Pch2 is not normally required for meiotic recombination, chromosome segregation, or of the SC (Smith and Roeder, 1997), reveals that zip1 pch2 strains progress through meiosis with unsynapsed sporulation.
In the BR2495 strain background, zip1 shows a unichromosomes (data not shown). form pachytene arrest, and no mature recombinants are produced (Sym et al., 1993; Tung and Roeder, 1998).
Mutation of PCH2 Relieves the Pachytene Arrest in zip2 and dmc1 Deletion of PCH2 completely abolishes the meiotic arrest of zip1; the zip1 pch2 double mutant displays a wildTo determine whether the requirement for Pch2 is unique to zip1, the effect of a pch2 null mutation was examined type sporulation frequency (Table 1) and in wild-type strains overproducing Zip1 (Loidl et al., 1994; Table 1 ).
Zip1 polycomplex and in a small region of the nucleus Dmc1 is a meiosis-specific homolog of the bacterial presumed to be the nucleolus ( Figures 3A-3D ). When RecA strand exchange enzyme. In SK1 strains, dmc1
Zip1 is overproduced, most Pch2 is found in the large mutants are blocked in prophase with unrepaired DSBs polycomplexes formed, and little or no Pch2 is found (Bishop et al., 1992). To determine whether Pch2 is rein the nucleolus (Figures 3E-3H ). These observations quired for dmc1 arrest, meiotic nuclear divisions were support the hypothesis that Pch2 interacts with Zip1 or examined by staining with a DNA-binding dye, 4'-6-diaZip1-associated proteins and suggest an interchange midino-2-phenylindole (DAPI). After 24 hr in sporulation medium, when most (87%) wild-type cells (DP193) have between the SC-localized and nucleolar Pch2 protein. ures 5E and 5F). Moreover, in the zip1 sir2 double muAnalysis of rDNA recombination in haploid strains has tant, Pch2 (normally found only in the nucleolus in zip1; previously shown that Sir2 is required for suppression see Figure 2K ) is delocalized from the rDNA region and of mitotic and meiotic intrachromatid and/or sister chrodispersed throughout the rest of the chromatin (Figures matid recombination in the rDNA (Gottlieb and Esposito, 5G and 5H). In contrast, Sir2 localization is not altered 1989). To determine the effect of sir2 on recombination in pch2 (data not shown). between homologs, rDNA recombination was examined in diploids. Similar to pch2, mutation of SIR2 significantly
Sir2 Is Required for the Pachytene Checkpoint increases the frequency of interhomolog recombination
The effect of sir2 in Pch2 localization prompted an inves- (Table 2 ). In contrast to pch2, sir2 also increases mitotic tigation of whether Sir2 is also involved in the zip1 meievents ( Figures 5G and 5H) , zip1, and zip1 pch2 congenic diploids containing either the normal rDNA array (RDN) or the rDNA deletion (rdn⌬) most Pch2 foci in zip1 strains overproducing Sir4 are Previous studies using antibodies to the nucleolar 7B). These results suggest that in the absence of the normal rDNA chromosomal repeats, the Pch2 present protein Nop1 have shown that the nucleolus appears as a typical crescent shape to one side of the nucleus in silent telomeric chromatin is able to provide the checkpoint function required for zip1 arrest. When teloin wild-type cells growing vegetatively. In contrast, in rdn⌬ cells, Nop1 is distributed throughout the nucleus meric chromatin is disrupted by the sir3 mutation, most checkpoint function is lost. The remaining activity (re-(Nierras et al., 1997), suggesting that each rDNA plasmid organizes a mininucleolus. However, spread meiotic nuflected by the delay observed in zip1 sir3 rdn⌬ cells) might be mediated by the Pch2 protein in the pseudonuclei from rdn⌬ strains contain a defined mass that stains weakly with DAPI and contains the nucleolar protein cleolus. Nsr1 (Figures 7C-7E) . Thus, rDNA plasmids appear to coalesce into a single "pseudonucleolus" during meiosis. In contrast to the normal nucleolus in RDN strains, Discussion which contains the Red1 protein ( Figure 2J ; Smith and Roeder, 1997), the pseudonucleolus of rdn⌬ cells lacks
Pch2 Is a Meiotic Checkpoint Protein
The phenotypes conferred by a pch2 null mutation are Red1 ( Figures 7H and 7K, arrows) . In zip1 rdn⌬ strains, some Pch2 localizes to this pseudonucleolar structure, consistent with those expected for a pachytene checkpoint gene. PCH2 is not required during an unperturbed but a significant amount of the protein is found in foci at telomeric positions (69.4% of 121 Pch2 foci scored) meiosis. The slight reduction in spore viability of the pch2 single mutant may indicate that some defects oc- (Figures 7F-7H ). Sir2 displays a similar localization pattern (data not shown).
cur that trigger the checkpoint even in a normal meiosis. Alternatively, the reduction could be a consequence of When the chromosomal rDNA array is intact, sir3 has no or little effect on Pch2 localization (Figures 6G-6I) or the high levels of rDNA recombination in pch2 leading to a significant loss of rDNA in a small fraction of spores. zip1 bypass (Table 1 and Figure 7A ). However, mutation 
Consistent with these ideas, the sir2 mutant also dis-
The checkpoint defect of pch2 is not zip1 specific; mutation of PCH2 also relieves the prophase arrest of plays a slight reduction in spore viability.
Although Pch2 is not required in a normal meiosis, the zip2 and dmc1 mutants. The zip2 mutant fails to initiate chromosome synapsis and is very similar in phe-PCH2 is essential to trigger meiotic prophase arrest when SC formation is compromised by the lack of Zip1. notype to zip1 (Chua and Roeder, 1998). In both cases, the meiotic block is completely abolished by the pch2 Relief of the block by the pch2 mutation results in meiotic progression with unsynapsed chromosomes, leadnull mutation. In contrast, meiotic arrest of dmc1 is only partially dependent on Pch2; dmc1 pch2 cells undergo ing to chromosome missegregation and poor spore viability. It is not clear whether it is the lack of synapsis or meiotic nuclear division at about 50% of the wild-type frequency. Only a small fraction of the dmc1 pch2 cells the defect in crossing over (or both) that triggers the checkpoint in zip1. However, pch2 does not correct that undergo meiosis form asci, which are often immature and contain fewer than four spores. Furthermore, these defects; indeed, chromosome missegregation is more frequent in zip1 pch2 than in the zip1 single mutant most spores generated are inviable. These observations are consistent with the formation of fragmented nuclei (P. A. S. and G. S. R., unpublished data). Nevertheless, a significant fraction of the spores produced in zip1 as a result of meiotic progression with unrepaired DSBs, as described previously for the dmc1 rad24 (or rad17 pch2 are viable, indicating that most recombination intermediates are resolved when the arrest or delay is or mec1) double mutant (Lydall et al., 1996) . The dmc1 mutant is blocked at an earlier step in the recombination relieved. This observation suggests that the accumulation of Holliday junctions in zip1 is a consequence, rather process than zip1; its primary defect is the failure to convert processed DSBs into joint molecules (Bishop than the cause, of the meiotic arrest. Thus, Pch2 may prevent resolution of recombination intermediates in the et al., 1992). Additionally, chromosome synapsis is significantly delayed in dmc1 (Rockmill et al., 1995) . The absence of SC. greater requirement for PCH2 in the zip1 and zip2 meithe sir2 mutation. Sir2 is necessary for the nucleolar localization of Pch2, but not for its localization to chrootic blocks compared to dmc1 may reflect a more relevant role for Pch2 in the response to defective chromomosomal foci; nevertheless, the lack of Sir2 results in a meiotic checkpoint defect similar to that of pch2. Alsome synapsis than to unrepaired DSBs. though it is possible that Sir2 performs a checkpoint function independent of Pch2 localization, the simplest Repression of Meiotic Recombination explanation for the checkpoint defect in the sir2 mutant in the rDNA by Pch2 is its failure to localize Pch2 to the nucleolus. Sir2 and Pch2 and Sir2 are both present in the nucleolus of meiPch2 may be components of the same protein complex otic cells, and both pch2 and sir2 mutations result in and/or Sir2 may recruit Pch2 to the nucleolus by creating elevated rates of rDNA recombination. However, their a special rDNA chromatin structure required for tarphenotypes differ in two aspects. First, pch2 does not geting Pch2. In the yeast nucleus, there are three chroaffect mitotic rDNA recombination, consistent with Pch2 mosomal regions subjected to silencing: the telomeres, being produced only (or mostly) during meiosis. Second, the HML/HMR loci, and the rDNA. While telomeric and in the pch2 mutant, the vast majority ‫)%29ف(‬ of the HM silencing requires Sir2, Sir3, and Sir4, rDNA silencing meiotic recombination events are 3 Ura ϩ :1 Ura Ϫ tetrads only depends on Sir2, and only Sir2 is typically present that can be explained by interhomolog exchange. Al checkpoint response when rDNA silencing or integrity is Smith and Boeke, 1997). Therefore, Sir2 promotes a compromised. The fact that zip1 strains overexpressing closed or "silenced" chromatin structure in the rDNA SIR4 are partially defective in the checkpoint, whereas that presumably prevents access of the transcription zip1 rdn⌬ strains are not, may be due to the dominantand recombination machineries to the nucleolus. Supnegative effect of high dosage of SIR4. Overproduction porting this hypothesis, we have found that the meiotic of either full-length or the C terminus of Sir4 results in protein Hop1, which is normally excluded from the rDNA, the loss of telomere position effect, probably due to is present in the nucleolus in the absence of Pch2 or Sir2. disruption of a multimeric silencing complex (Cockell Since the rate of recombination increases dramatically et al., 1995). In the rdn⌬ strains, however, the correct during meiosis, it is perhaps not surprising that addistoichiometry of the silencing factors is presumably tional factors, such as Pch2, are required to reinforce maintained. We have shown that the rdn⌬ strains asthe action of Sir2 in repressing recombination in the semble a nucleolus-like structure during meiosis. HowrDNA. We propose that Sir2 recruits Pch2 to the nucleoever, this pseudonucleolus, which is structurally differlus and that Pch2 prevents the nucleolar localization of ent from the normal nucleolus, must be defective in Hop1 (and perhaps other meiotic recombination procheckpoint function, since a significant amount of Pch2 teins), thus repressing interhomolog recombination.
is present in the pseudonucleolus in zip1 sir3 rdn⌬ strains (see Figures 7I-7K ), but there is no meiotic arrest.
Role for Nucleolar and Telomeric Silenced
Another gene identified in our screen for pachytene Chromatin at the Pachytene Checkpoint checkpoint mutants is DOT1, which is involved in chroIn wild-type meiotic chromosomes, most Pch2 localizes matin silencing at telomeres, HM loci, and the rDNA to the nucleolar region, but a small amount is found (Singer et al., 1998) . The requirement of Dot1 in zip1 in foci along synapsed chromosomes colocalizing with arrest provides additional evidence for the relevance of Zip1. In principle, this dual localization could reflect a chromatin silencing at the pachytene checkpoint. dual function for Pch2, with the nucleolar protein being required for the repression of rDNA recombination and the chromosomal protein functioning in checkpoint conModels Taken together, our findings strongly support a role for trol. However, several observations point to a role for the nucleolar Pch2 at the pachytene checkpoint. First, chromatin silencing, particularly in the rDNA, in the checkpoint that prevents progression of meiosis when in checkpoint-arrested zip1 cells, where Pch2 is essential for the meiotic block, Pch2 is detected only in the synapsis and/or recombination are defective. However, the molecular mechanism underlying this process is unnucleolus. The possibility that Pch2 is present in other chromosomal locations below the level of detection canclear. One model that is supported by the cytological and genetic data supposes that the nucleolar and nonnot be excluded; however, additional evidence for the relevance of the nucleolus is revealed by the effects of nucleolar forms of Pch2 differ from each other (e.g., MAT␣ leu2-3,112 his4-260 trp1-289 ARG4 thr1-1 ura3-1 ade2-1 
